Purpose: The purpose of this study was to compare the daily blood loss transition between groups with and without topical administration of tranexamic acid (TXA) after cruciate retaining (CR) and posterior stabilized (PS) total knee arthroplasty (TKA). Methods: A total of 220 patients undergoing unilateral TKA were enrolled in CR and PS TKAs, which were divided into groups that received topical administration of TXA (TXA group) or without TXA (non-TXA group). Each group in both types of TKA included 55 patients. The daily transition of blood loss was compared between the TXA and the non-TXA groups in CR and PS TKAs. The blood loss was calculated through Nadler formula using the patient's blood volume and hemoglobin reduction rate. Results: Total blood loss was significantly lower in the TXA group in both CR and PS TKAs (p < 0.001, respectively). The blood loss was lower for 0-24 h and 24-48 h after TKA. However, from 48 h to 72 h, it was greater in the TXA group (253.1 vs. 34.6 mL; p < 0.001) in CR TKAs. These tendencies were similar in PS TKAs after 48 h (186.2 vs. 134.9 mL, p ¼ 0.223). Conclusions: Topical administration of TXA for reduction of blood loss seemed to be effective up to 48 h after both CR and PS TKAs. The blood loss after 48 h tended to be even greater in the TXA group. Future studies will be required to identify the pharmacokinetic evidence for this clinical finding. Level of evidence: Level II.
Introduction
Total knee arthroplasty (TKA) can involve significant blood loss due to extensive bone cuts and soft tissue dissection. 1 An average drop in the hemoglobin (Hb) level was reported to be 3.85 g/dL after TKA. 2 The bleeding may increase perioperative complication risks; most patients undergoing TKA are elderly and have chronic illnesses. While blood transfusion protects patients from bleeding, it can increase the costs, risk of disease transmission and immunologic reactions, and rates of periprosthetic infection. 3, 4 Several strategies, including intraoperative tourniquet or hypotension, have been introduced to reduce TKAassociated blood loss. 5 Administration of tranexamic acid (TXA) is a recently emphasized method to reduce bleeding after TKA. TXA is a synthetic drug that limits blood loss through inhibition of fibrinolysis and clot degradation. It reversibly saturates the lysine binding site of plasminogen and prevents interaction with the surface-binding site on fibrin. Numerous studies have shown that intravenous or topical administration of TXA with TKA surgery leads to a significant reduction of blood loss and minimized blood transfusion. [5] [6] [7] Some studies have suggested that the amount of bleeding might be greater in the group with TXA than in the group without TXA after the action of the TXA has diminished. 8, 9 However, the results of these studies were not statistically analyzed because they were not the main purpose of the studies. In addition, these studies were conducted without distinction between cruciate retaining (CR) TKA and posterior stabilized (PS) TKA. It is known that the amount of bleeding in CR and PS TKA may vary. 10 The action of TXA might be influenced by the amount of bleeding; TXA was reported to have a diminished effect when given after heavy blood loss. 11 Therefore, it will be necessary to separate the CR and PS TKA groups to conduct an accurate analysis of TXA.
Few studies have been conducted on the blood loss amount associated with TKA after the action time of topical TXA (the period showing the blood loss saving effect of TXA) is over. No studies have separately analyzed the TXA effect in CR and PS TKA. In this study, we compared hemodynamic parameters related to blood loss between groups with and without TXA over time. For accuracy, we separately analyzed the blood loss tendency in CR and PS TKA after the action time of TXA. We hypothesized that there could be more or comparable blood loss in the TXA group after the action time. This tendency was expected to be more pronounced in the CR TKA group with less bleeding.
Materials and methods

Materials
We performed an a priori power analysis using our preliminary data to determine the minimum sample size affording sufficient power to detect significant differences. The priori power analysis was performed with G power 3.0.10 software. The alpha level and the power were set to 0.05 and 0.8, respectively. Because of the a priori analysis, a minimum of 42 cases were required to have appropriate power. We planned the number of cases in a respective group with or without TXA to include more than 50 cases in this study.
The hospital institutional review board approved the study protocol (Kyung Hee University Hospital; KHUH 03-048, Korea), and written informed consents was obtained from all patients participating in this study. We prospectively evaluated 285 patients undergoing TKA between January and December 2016. The inclusion criteria consisted of patients with a diagnosis of primary osteoarthritis undergoing unilateral TKA. The exclusion criteria were bilateral TKA, inflammatory or secondary arthritis, previous reconstructive procedure, and an actual infection or infection sequelae of the knee. We also excluded patients with general contraindication for TXA like cardiac arrhythmia or angina, cerebral hemorrhage or vascular disease, renal or hepatic impairment, history of thromboembolic problems, acquired color blindness, and patients with an allergy to TXA. Patients who had thrombosis in the preoperative ultrasound were excluded from this study. A total of 220 patients were enrolled according to the inclusion and exclusion criteria ( Figure 1 ). Informed consent was obtained from all individual participants included in the study.
The TKA types of CR or PS were decided before the surgery by the operator according to the severity of osteoarthritis. CR TKA was performed in 110 patients and PS TKA was performed in the remaining 110 patients. After the types of TKAs were determined, the use of TXA was assigned by a number previously created by online number generator. 12 The CR or PS TKA patients were divided into TXA or non-TXA groups and 55 patients were included in each group (Figure 1 ).
Patient demographics were analyzed, including age, gender, body mass index, preoperative diagnosis, American Society of Anesthesiologists (ASA) score, original estimated blood volume, Hb A1c, preoperative Hb, Platelet, aPTT, and international normalized ratio (INR). There was no significant difference in demographic data between the TXA and non-TXA groups for either CR or PS TKAs ( Table 1 ). The proportions of patients using anticoagulants before surgery were also similar between the TXA and non-TXA groups in either CR (23 (41.8%) versus 18 (32.7%), p ¼ 0.430) or PS TKAs (18 (32.7%) versus 16 (29.1%), p ¼ 0.837) ( Table 1) .
Methods
Preoperative blood tests including Hb, hematocrit, platelet, and basic biochemical analysis were performed. The same tests were performed at 24, 48, and 72 h after surgery.
The daily transition of Hb drop and the estimated blood loss were investigated over an initial 24 h (from the beginning of TKA to 24 h after TKA), from 24 h to 48 h, and from 48 h to 72 h. The blood loss was calculated using the formula developed by Nadler et al; [13] [14] [15] [16] the formula estimates blood volume by accounting for gender, weight, and size of the patient and calculates blood loss using the patient's blood volume and Hb reduction rate. If transfusion was performed, 0.7 g/dL per 1unit (320 mL of packed red blood cells) was added to the value of Hb drop. 17 The daily transition of drainage volume was also investigated for the initial 24 h and from 24 h to 48 h. We categorized the postoperative period of "initial 24 h," "from 24 h to 48 h", and "from 48 h to 72 h" as "OP day," "PO 1 day," and "PO 2 da," respectively. The Hb drop and the blood loss up to 72 h were defined as the total Hb drop and total blood loss. The drainage volume up to 48 h was defined as the total drain volume.
Transfusion rates in OP day, PO 1 day, and PO 2 day of each group were investigated in both CR and PS TKA. Postoperative transfusion rate was defined as the proportion of TKA transfused up to 72 h.
The incidences of postoperative complications associated with the bleeding or thromboembolism were evaluated. Additionally, the adverse effects associated with TXA were investigated.
Statistical analysis
Statistical analyses were performed using SPSS 21.0 software. Continuous variables like Hb drop, blood loss, and drainage volume were compared using independent Student's t-test between the TXA and the non-TXA groups of the CR and PS TKAs. Categorical variables including transfusion rate, postoperative complications, and presence of adverse events were compared using the w 2 test or Fisher's exact test. A p < 0.05 was considered statistically significant.
Surgical techniques and perioperative care
A single senior surgeon performed all surgeries. Prostheses for CR TKA were Nexgen ® (Zimmer, Warsaw, Indiana, USA) and Persona ® (Zimmer). Prostheses for PS TKA were Attune Attune ® (DePuy-Synthes, Warsaw, Indiana, USA) and Nexgen-Legacy ® posterior stabilized (Zimmer). The same numbers of the prostheses were assigned in the TXA and non-TXA groups in each type of TKA; 45 Nexgen and 10 Persona were included in each group of CR TKAs, and 8 Nexgen-Legacy posterior stabilized and 47 Attune prostheses were included in each group of PS TKAs.
A pneumatic tourniquet was applied in all surgeries. The bone resection was made using a femoral intramedullary and tibial extramedullary guide system. An autologous bone plug from resected medial femoral condyle was used to close the femoral medullary cavity. Any contracted medial or lateral soft tissue was carefully evaluated and selectively released where required as much as necessary. All patellas were resurfaced, and all implants were cemented onto cleaned, dried surfaces. Lateral retinacular release was not performed in the study period.
Intraoperative hemostasis was precisely performed with electrocautery. The inferior lateral geniculate artery was cauterized after lateral meniscus resection. The posterior geniculate artery was also cauterized after excision of the posterior cruciate ligament in PS TKA. Additional hemostasis was not performed because the tourniquet was deflated after skin closure.
An intra-articular drain was placed in the lateral gutter of the knee joint. In the TXA group, a solution of TXA was injected into the knee joint cavity after capsular closure through the gap of capsular closing stitches. The TXA solution consisted of 1 g of TXA and 50 mL of normal saline. The drain was clamped for 2 h to allow for absorption of TXA and then released. Drains were removed at postoperative 48 h.
Anticoagulant drugs, if taken, were stopped at 1 week prior to surgery for washing out the drug effect. 18 Postoperatively, all patients took chemical thromboembolic aspirin (150 mg once daily) prophylactically for 10 days. 19 The patients who had taken anticoagulants before surgery took drugs that were previously used after chemical thromboembolic prophylaxis. All patients were screened for deep vein thrombosis (DVT) by Doppler ultrasound before surgery. Postoperative sonographic examination was performed when the symptoms of DVT were suspected.
The criterion for blood transfusion was apostoperative Hb level < 8 g/dL or Hb level between 8 and 10g/dL with clinical signs of hemodynamic instability. [20] [21] [22] The blood transfusions were determined by Hb level at preoperative, postoperative 24 h, and postoperative 48 h, and performed on OP day, PO 1 day, and PO 2 day, respectively. Two units of blood were transfused at a time.
The postoperative rehabilitation protocol was similar between the two groups. Isometric exercises using the extensor and flexor muscles were initiated shortly after operation. The drain was removed on the second postoperative day, followed by the initiation of active and assisted range-ofmotion exercise. Full weight-bearing ambulation was started at 4 days to the extent that the patient's condition permitted.
Results
Comparison of hemodynamic parameters between the TXA and the non-TXA groups after CR TKA The total Hb drops were 2.7 g/dL in the TXA group and 4.4g/dL in the non-TXA group (p < 0.001) ( Table 2 ). The Hb drops of the TXA group on OP day and PO 1 day were less than those of the non-TXA group (Table 2) . However, on PO 2 day, the Hb drop was greater in the TXA group (0.8 vs. 0.0 g/dL, p < 0.001).
The total blood loss was significantly less in the TXA group (820.9 vs. 1299.4 mL, p < 0.001). The blood loss of the TXA group on OP day and PO 1 day was also significantly smaller than that of the non-TXA group (Figure 2(a) ). In PO 2 day, the blood loss was 253.1 mL in the TXA group and 34.6 mL in the non-TXA group (p < 0.001).
The total drainage volume was 300.8 mL in the TXA group and 875.8 mL in the non-TXA group (p < 0.001). The drainage volume on OP day was significantly smaller in the TXA group (160.5 vs. 747.8 mL, p < 0.001). On PO 1 day, the drainage volume of the TXA group was 140.3 and 128.0 mL (p ¼ 0.276) in the non-TXA group.
Comparison of hemodynamic parameters between TXA and non-TXA groups after PS TKA
The total Hb drops were 3.1 g/dL in the TXA group and 4.8 g/dL in the non-TXA group (p < 0.001) ( Table 2 ). The Hb drops of the TXA group on OP day and PO 1 day were significantly smaller than those of the non-TXA group (p < 0.001, p ¼ 0.033) ( Table 2 ). On PO 2 day, the Hb drop of the TXA group was greater, but not significant (0.5 vs. 0.2 g/dL, p ¼ 0.062).
Total blood loss was significantly less in the TXA subgroup (929.7 vs. 1472.0 mL, p < 0.001). The blood loss in the TXA group on OP day and PO 1 day was significantly smaller than those in the non-TXA group (Figure 2(b) ). On PO 2 day, the blood loss was 186.2 mL in the TXA group and 134.9 mL in the non-TXA group (p ¼ 0.223).
The total drainage volume was 456.8 mL in the TXA group and 1011.0 mL in the non-TXA group (p < 0.001). The drainage volumes on OP day were lesser in the TXA group (259.7 vs. 861.6 mL, p < 0.001). On PO 1 day, the drainage volume of the TXA group was greater than those of the non-TXA group (197.0 vs. 149.4 mL, p < 0.001).
Transfusion rate
In CR TKAs, one TKA in the non-TXA group received a transfusion on PO 1 day (p ¼ 1.000). There were no cases of transfusion on PO 2 day in CR TKAs. In PS TKAs, transfusion was performed in two TKAs in the non-TXA group on PO 1 day (p ¼ 0.495). On PO 2 day, one TKA of the TXA group and three TKAs of the non-TXA group received transfusions (p ¼ 0.618). There were no significant differences in postoperative transfusion rate between the TXA and the non-TXA groups in either CR or PS TKAs (Table 3) .
Complications
There were no patients with symptoms of thromboembolism. Complications related to bleeding, including wound discharge, secretion of drain removal site, and hematoma did not occur. There were no adverse events associated with TXA such as pale skin, unusual tiredness or weakness, nausea, vomiting, or hypersensitivity in any of the patients. 
Discussion
The most important finding of this study was that the Hb drop and the blood loss tended to be greater in the TXA group after postoperative 48 h. This trend was statistically significance in CR TKAs, but not in PS TKAs. To the best of our knowledge, this is the first study to statistically analyze the hemodynamic parameters after TXA action time.
Several previous studies suggest a paradoxical bleeding tendency after TXA action time. Orpen et al. 8 reported a change in blood loss after TKA when using 15 mg/kg dose of intravenous (IV) TXA. At the postoperative 12 h time point, the amount of blood loss in the TXA group was greater than that in the control group (130 vs. 77 mL). However, no statistical analysis was performed on their finding. Benoni et al. 9 performed a prospective study using IV-administered TXA at a dose of 10mg/kg, in which the drain was removed at 24-33 h postoperation. In their study, discharge at drain removal site was greater in the group with TXA than in the placebo group (7% vs. 4.7%). Hematoma was also reported to occur more frequently in the group with TXA (17.3% vs. 9.3%). This study also did not perform a statistical analysis on these results.
In this study, the total Hb drop and the total blood loss were significantly lower in the TXA group of either CR or PS TKAs. The hemodynamic parameters of OP day and PO 1 day were also lower in the CR and PS TKAs with statistical significance. TXA effectively prevented blood loss in both CR and PSTKAs; topical administration of TXA was effective up to postoperative 48 h in both types of TKAs. However, from 48 h to 72 h after surgery, the TXA group of the CR TKAs had more blood loss than the non-TXA group. This trend after 48 h was similar in the PS TKAs, but not statistically significant.
The mechanism of increased blood loss after the TXA action time is unknown. The inactivated plasmin can demonstrate a delayed fibrinolytic function when the TXA reversibly bound to the plasmin was removed. 23 The lack of significant difference in the paradoxical blood loss in PS TKAs would be explained by this hypothesis. The blood loss can increase more in PS TKAs compared with CR TKAs. 10 TXA has a diminished effect when given after heavy blood loss. 11 The amount of inactivated plasmin, which can induce delayed fibrinolytic action, may be lower in PS TKA with more bleeding. Accordingly, the paradoxical blood loss may not be manifested well in PS TKAs compared with CR TKAs. In addition, homeostasis of the human body is controlled by negative feedback, and it is also involved in the regulation of coagulation and fibrinolysis. 24, 25 The disturbance of the negative feedback system by TXA might explain the paradoxical blood loss after TXA action time.
However, the effects of TXA are known to be limited within several hours from administration, based on the halflife in the blood. 26, 27 Therefore, the phenomenon occurred after TXA action time may not be the result of the pharmaceutical effect of TXA but be due to the accessory or secondary results of decreased bleeding in the early phase of topical administration. Further pharmacokinetic studies are required to determine the exact mechanism of increased blood loss after TXA action time.
The finding of delayed blood loss after TXA action time in this study can have some clinical significance. First, surgeons need to monitor patients when using TXA, even if the amount of bleeding is small in the early postoperative period. After postoperative 48 h, the patients should be carefully checked for anemic symptoms and Hb level to manage hemodynamic instability. Second, the pharmacokinetic mechanism of the paradoxical bleeding tendency after TXA action may explain the absence of increased thromboembolic risk. Theoretically, the use of TXA carries a risk of thromboembolism, although it has not been proved clinically. 5, [28] [29] [30] [31] There have been rather several reports of a lower incidence of thromboembolism in groups with TXA. 32, 33 Several reasons for the absence of increased thromboembolism in the TXA group, including a decreased need for allogenic transfusion, have been suggested. 28, 34 However, most of the suggestions have not been explained clearly. Finally, our finding can help establish a more effective administration protocol and an appropriate dose for the safety of TXA by improving understanding of the drug.
There was the discordance of periods showing a paradoxical pattern between the estimated drainage volume and the blood loss. The drainage volume tended to be lower in the TXA group up to postoperative 24 h, and showed the paradoxical pattern after then. However, the paradoxical Journal of Orthopaedic Surgery 28 (1) blood loss appeared after postoperative 48 h. This time lag would be explained by the Hb level equilibration; generally, it takes time for actual bleeding to affect the Hb level. 35 Therefore, the blood loss, calculated by Nadler's formula using Hb level, showed the paradoxical pattern later compared with the drainage volume associated with the actual bleeding.
The last issue in the study is the blood loss saving of TXA in CR and PS TKAs. The effect of TXA is known to be more manifest in the CR TKAs with less bleeding. 11 In our study, the blood loss up to postoperative 48 h was lower in CR TKAs. However, considering the paradoxical blood loss after the action time of TXA, the total amount of blood loss saving was similar between CR and PS TKAs (479 vs. 542 mL; the values which the average blood loss of TXA group subtracted from that of non-TXA group). The overall effect of TXA does not seem to be affected by the types of TKA, which may have a different amount of postoperative bleeding. Further study with sophisticated design accompanied by appropriate statistical analysis will be required to support this thesis.
This study has the following limitations. First, four designs of prostheses were used in this study. However, a single surgeon with over 30 years of surgical experience performed TKA within similar times with the same technique. Additionally, the same numbers of each implant were assigned in the TXA and non-TXA groups. Second, the non-TXA group did not have a period of 2 h for drain clamping. This might contribute to the difference in the overall blood loss. However, our key results were observed after postoperative 48 h when the clamping effect seemed to have disappeared. Third, the sample size was small, even though the adequate power for the study was achieved. The small sample size may cause the nonsignificant difference in paradoxical bleeding between the TXA and the non-TXA groups in PS TKAs. A study with a larger cohort will provide more reliable information. Fourth, the study period was short to evaluate the trend in further blood loss. This limits to understand the significance of our finding of paradoxical blood loss. A longer study period will be necessary. Fifth, the preoperative use of anticoagulants could have affected the blood loss; there can be a concern that anticoagulant could contribute to the paradoxical blood loss in the TXA group. However, there was an enough period for washing out of the effect of anticoagulants. 18 Furthermore, the proportions of patients using anticoagulants preoperatively were not different between the TXA and the non-TXA groups. Finally, the mechanism of our findings was not determined. Further studies concerning pharmacokinetics will be required to elucidate the biochemical mechanism in the future.
Conclusion
Topical administration of TXA for reduction of blood loss was effective up to 48 h after both CR and PS TKAs. The blood loss after 48 h was greater in the TXA group. Future studies will be required to identify the pharmacokinetic evidence for this clinical finding.
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